tidal delta along the whole tidal cycle, they only appeared between the beginning of the flood 19 and up to two hours after high tide inside the lagoon. The XBeach modeling system was applied 20
to Albufeira Lagoon Inlet and reproduced the generation and propagation of IG waves and their 21 blocking during the ebb. This behavior was explained by blocking due to opposing tidal currents 22 reaching 2.5 m.s -1 in shallow water depths. Numerical results suggest that the breakpoint 23 mechanism and the long bound wave shoaling mechanisms contributed significantly to the 24 generation of IG waves in the inlet. IG waves induced fluctuations in flood currents inside the 25 lagoon reaching temporarily 100 % of their magnitude. The fact that these fluctuations occur 26 mostly at flood and not at ebb could promote flood dominance in the lagoon. This hypothesis 27 will have to be verified, namely under storm wave conditions. 28 29 KEYWORDS 30
Infragravity waves, wave-dominated inlet, low frequency waves, wave blocking. 31 32 Keypoints 33  Measurements revealed energetic IG waves in a wave-dominated inlet. 34
 Breakpoint generation and bound-wave shoaling both contributed significantly to IG 35 wave generation. 36  IG waves were blocked by opposing ebb-currents. 37 38
INTRODUCTION 39
Tidal inlets are transition zones between the ocean and back-barrier lagoons or estuaries where 40 constant exchange of water, sediments, nutrients and larvae occurs. Hydrodynamics and 41 morphological changes in tidal inlets have strong ecological and socio-economic repercussions, 42 since they affect navigation safety, flooding extent, erosion of adjacent beaches, water renewal 43 and material exchange between the lagoon (orestuary) and the open ocean. Due to the complex 44 interactions between tides, wind waves, river outflows, sediments transport and morphology, 45 understanding the resulting hydrodynamics and sediment transport patterns is still a challenge. 46
Nonetheless, an increased knowledge of these processes is needed to improve the management 47 and maximize the resilience of these coastal systems. 48 49
In the last decade several studies (e.g. Siegle wave-dominated tidal inlets. Shallow water depths over the ebb-tidal delta can induce wave 53 breaking and subsequent surf-zone circulations. Wave-breaking accelerations can also affect the 54 extension and direction of ebb currents, as well as impact the hydrodynamics inside the estuary. 55
For example, wave breaking over the ebb-tidal delta can induce a wave setup and increase water 56 levels at the scale of the whole lagoon or estuary (e.g. Malhadas 25 to more than 300 seconds associated with the presence of groups in gravity waves. To date, 67 two main mechanisms for the generation of infragravity waves have been proposed. Longuet-68
Higgins and Stewart (1964) suggested that the observed free infragravity wave or -surf beat‖ 69 may be due to the shoaling, release and subsequent reflection of bound long waves after the 70 gravity waves break in the surf-zone. Bound waves result from 2nd-order non-linear wave-wave 71 interactions between wind waves (-forced‖ IG waves: [Hasselmann, 1962 ; Longuet-Higgins and 72
Stewart, 1962; Okihiro et al., 1996] ). An alternative mechanism for the generation of surf beat 73 was presented by Symonds et al. (1982) and Schäffer (1993) , who considered the temporal 74 variation of the breakpoint as a wave maker, generating surf beat both seaward and shoreward. 75
The moving breakpoint mechanism can also be thought as a -dynamic set-up‖ in the surf-zone. 76
Large waves break earlier and produce larger set-up than small waves in the wave group, which 77 introduces oscillations in the set-up at the group frequency. The first mechanism was shown to 78 be dominant on gently sloping beaches due to the shoaling of the bound-wave (e.g. This study is focused on the Albufeira Lagoon Inlet located on the western coast of Portugal. 111 This wave-dominated inlet closes seasonally in autumn/early winter, usually after energetic swell 112 conditions. Dodet (2013) simulated its morphodynamic evolution under tides and gravity waves 113 and, although the fast morphological changes of the inlet were in overall well captured, its 114 closure was not reproduced, as if one or several relevant processes were not accounted for in 115 these simulations. This study tackles, for the first time, the role of infragravity waves on the 116 hydrodynamics in a wave-dominated inlet. In particular, attention is given to the main IG wave 117 generation mechanisms andto their interactions with tides. Possible impacts of these long waves 118 in sediment transport and morphodynamics are also discussed. 119 120
The paper is organized as follows. A brief description of the study area is provided in Section 2. 121
The methods, including the data acquisition and post-processing, as well as the numerical model, 122 are described in Section 3. Observed and modeled tides, gravity and IG waves are described and 123 compared in Section 4. Model limitations, IG wave generation and propagation mechanisms, and 124 implications on sediment transport and morphodynamics are discussed in Section 5. 
These pressure spectra were then converted into elevation spectra E(f) considering the linear 185 wave theory. The significant wave height (H m0 ) was computed as: wave generation mechanisms and their relevance different simulations were run (Table1). In all 237 of them tidal propagation was taken into account. Run 0 did not consider gravity waves, only 238 tides. Run 1, considered tides and gravity waves but wave groups were not taken into account. 239
Run 2 included the effect of tides, gravity waves and wave groups. Run 3 is the same 240 configuration as Run 2 (considers the same random phases to reconstruct the wave envelope 241 signal) but wave forces were turned off when the gravity waves were breaking. In Run 4, wave 242 forces were turned off outside the surf-zone and the incoming bound wave at the boundaries 243 were turned off, so that only the wave breaking variation at the scale of the wave groups 244 contributes to the IG wave generation. Run 5 did not include any wave forces and it only 245 propagated the tide and the incoming bound wave defined at the boundaries. Runs 3 to 5 were 246 designed to analyze the relative contribution of the different IG wave generation mechanisms. To 247 ensure that runs 1 to 5 had the same model setting, we first ran Run2 and we stored the wave-248 group changing energy and flux boundary conditions. These were directly used in runs 3 to 5. 249
Since Run1 did not account for the gravity energy modulation, the previously stored energy 250 boundary condition was low-pass filtered and imposed in Run 1. The field experiment covered 3 tidal cycles and took place during spring tide conditions ( Figure  269 2). The mean tidal range was 2.45 m, with a minimum of 2.31 m and a maximum of 2.54 m. The 270 tidal wave offshore the Albufeira Lagoon is symmetric, but the non-linear tidal propagation 271 through the inlet produces significant distortion (see Figure 3 .a). As a consequence, the tidal 272 range inside the lagoon was reduced by more than 50% compared to the ocean. As usually 273 observed in friction-dominated tidal inlets, the mean water level inside the lagoon increased 274 compared to the ocean, although mean water levels inside the lagoon were also affected by wave 275 induced forces . In overall, tidal propagation was well reproduced with the 276 numerical model as reflected in the model skill values (see Table 2 ). 277 278 In all the stations, gravity waves were depth limited and, therefore, tidally modulated (Figure 3) . 315 Maximum H m0,G were observed during high tide at PT1, especially in the last tidal cycle, when 316 values over 1.2 m were measured. This station became dry from mid to low tide. At PT1 the 317 model RMSE was 0.09 m (see Table 2 ), and the tidal modulation was well captured. The 318
Willmott Skill Score (defined in Appendix A) was larger than 0.92 at PT1 and PT2, and 319 decreased to 0.76 at PT3, mostly due to a negative bias. 320
Gravity waves damped when propagating from the ebb-delta to the inner lagoon (Figure 3) . 321 H m0,G decreased from PT1 on average ~91% at PT2 and ~76% at PT3 during high tide. Modeled 322 H m0,G mean reductions were ~86% at PT2 and ~84% at PT3. The highest RMSE (~0.10 m) was 323 obtained at PT3, where the model underestimated H m0,G , especially during the last high tide. 324
During the ebb, H m0,G at PT2 decreased sharply and at mid-ebb H m0,G was lower than 0.025 m 325 (Figure 3 ). This fast reduction after the beginning of the ebb up to low tide was already explained 326 by wave blocking at the inlet . The H m0,G tidal modulation observed in the 327 measurements was well reproduced with the numerical model. However, the blocking during the 328 mid-ebb was underestimated by the model. 329
Characterization of IG waves 330
Measurements revealed the occurrence of low frequency oscillations (i.e. 25 to 300 s) in the ebb-331 delta (PT1) and interior stations (PT2 and PT3). During the experiment, IG wave significant 332 wave height (H m0,IG ) increased from 0.2 m to more than 0.5 m at the ebb-tidal delta (PT1). The 333 largest H m0,IG was observed during the last tidal cycle of the 24 th of September, when offshore 334 wind waves where most energetic and the period was largest (see Figure 2 ). This swell originated 335 from a remote storm . 336
Mirroring the behavior of the gravity band, IG waves were tidally modulated and H m0,IG 337 decreased from the ebb-tidal delta (PT1) to the inner part of the lagoon (Figure 3 ). Due to the 338 shallow water levels at PT1, the station became dry during half of the tidal cycle. In the three 339 tidal cycles covered by the experiments, two local maxima of H m0,IG could be identified at PT1, 340 the first before and the second after high tide. Between these two local maxima, specifically 341 during high tide, a local minimum of H m0,IG was observed. 342
At PT2 and PT3, the observed tidal modulation was not related to the drying of the stations, 343 since they only became dry at the lowest tidal levels. After mid-ebb, IG wave energy levels at the 344 inner stations were very low (H m0,IG decreased by more than 90% with respect to the maximum 345 values observed during each tidal cycle), suggesting a possible blocking of IG waves. As an 346 example, Figure 6 depicts the water elevation measurements at PT2. The water elevation time 347 series, showed fluctuations both in the gravity and IG bands, especially during late flood, high 348 tide and at the begin of the ebb. XBeach captured both the IG wave energy decrease from the ebb-tidal delta to the inner part of 352 the lagoon and the tidal modulation (see Table 2 tendency was observed in all the stations, it was more pronounced at PT3, especially during the 359 last tidal cycle. As observed in the measurements, modeled IG waves almost disappeared after 360 mid-ebb at PT2 and PT3. 361
In addition to bulk parameters, measured and modeled frequency distributions of the energy 362 associated with IG waves were also compared during the flood (T1) and during the ebb periods 363 of the second tidal cycle (Figure 5 ). At PT1, the frequency distribution of the IG wave energy 364 was well captured by the model, although the energy level of the gravity band was 365 underestimated by the model. In particular, the maximum of energy was found in the same 366 frequency band in the model and in the measurements (0.02-0.04 Hz). The wave spectrum during 367 flood and ebb did not change significantly. Inside the lagoon (PT2 and PT3), the frequency 368 repartition of energy was also well captured by the model during the flood, particularly at PT2, 369 which mirrors the good agreement between model and data for H m0,IG (Figure 3) . During the ebb, 370 the two orders of magnitude drop of energy at the highest frequencies was well captured by the 371 model, particularly at PT2. 372 373 Figure 5 . Water depth (top row), IG wave energy density spectra of energy at T1 (middle row) 374 and IG wave energy density spectra of energy at T2 (bottom row) at PT1 (left column), PT2 375 (middle column) and PT3 (right column). Measured and modeled spectra are depicted in red 376 and blue respectively. Dotted lines represent the 95% confidence interval of the spectra. 377 378
Low frequency fluctuations in the range 25 to 300 s were also observed in the currents velocities 379 recorded at PT2 (Figure 4 ). The largest current fluctuations in the infragravity band occurred 380 nearly in phase with maximum flood currents and rapidly dropped after the beginning of the ebb. 381
After mid-ebb, these current fluctuations were almost inexistent. XBeach captured reasonably 382 the time evolution of these velocity fluctuations, although with a substantial underestimation of 383 the peak (Figure 4 ). 384 overestimated wave heights at the beginning of the ebb, although the total blocking that occurred 411 after mid-ebb was well captured. The fast drop of wave height at the beginning of the ebb was 412 explained by Dodet et al. (2013) by an increase in wave steepness due to strong opposing 413 currents, which induces dissipation by whitecapping. The increase in wave steepness is due to 414 shoaling induced by opposing currents. This hypothesis was corroborated by time series of wave 415 energy spectra (Figure 6 ), which shows that the highest frequencies were dissipated first. Since 416
XBeach considers a single frequency in the gravity band, this process cannot be accurately 417
represented, and could explain the overestimation of wave height at the beginning of the ebb. 418
The under prediction of H m0,G at PT3 and over prediction at PT2 during the flood and high tide 419 could also be due to the fact that we are not considering any diffraction effects. 420 In general, energy levels at Run 2 and 4 were higher than at 3 and 5. In Run 2 the maximum 456 energy levels where 0.012 m 2 , which is equivalent to H m0,IG of 0.45 m. In all simulations energy 457 increased from offshore to the ebb-tidal delta (ST 7-11), where maximum values were reached. 458
When water levels exceeded mean water levels two local maxima were observed. The first one 459 was located in the offshore edge of the ebb-tidal delta, between ST 8 and 10. The second was 460 located in the inlet mouth, between ST 12 and 14. During the rest of the tidal cycle only one 461 maximum, at the edge of the ebb-tidal delta, was observed. The location was tidally modulated, 462
closer to the inlet at high tide and more offshore at low tide. Energy was higher inside the surf-463 zone for run 4 and conversely, slightly higher outside the surf-zone for Run 3. Run 5 was 464 designed to investigate the contribution of the incoming bound wave and its shoaling across the 465 domain without any further forcing mechanism ( Figure 7E ). The IG energy variance in Run 5 466 was one order of magnitude smaller than in the rest of the runs, which indicates that this 467 mechanism is not dominant, therefore it will not be further discussed. 468
Run 3 was designed to compute the contribution of the bound wave mechanism in IG wave 469 generation while Run 4 was designed to isolate the contribution of the breakpoint mechanism. In 470 order to better quantify the contribution of each mechanism, we also computed the ratio between 471 IG energy variance from Run 3 (resp. Run 4) normalized by the linear sum of the IG energy 472 variance from Run 3 and 4 ( Figure 8B and 8C, respectively) . Outside the surf-zone and up to the 473 middle of the surf-zone, the bound wave mechanism is responsible for 40 to 70 % of the IG 474 energy variance, while from the inner part of the surf-zone to the shoreline and the inlet mouth, 475 the breakpoint mechanism turns dominant at the lower stages of the tide and is responsible for 50 476 to 90% of the IG energy variance. During high-tide, the relevance of the breakpoint mechanism 477 decreases, which could be due to less intense wave breaking over the steepest part of the ebb-478
shoal. This behavior would also explain the shapes of the observed time series of H mo,IG 479 measurements, with two local maxima (one at flood and the other at ebb tide) and a local 480 minimum during high-tide. 481
In order to detect possible interactions between both mechanisms, we computed the linear sum of 482 the IG energy variance from Run 3 and 4 normalized by the IG energy variance of Run 2 ( Figure  483 8D). All along the considered time series, the normalized sum is close or higher than 100%, with 484 local values reaching 200% along the shoreline. This behavior suggests that the bound-wave and 485 the breakpoint mechanisms acted in opposite ways and resulted on a reduction of H m0,IG 486 compared to a situation where both mechanisms would act independently. Since the bound-wave 487 is out of phase with the wave envelope and the wave setup is in phase, the combination could 488 create a destructive interaction and result on a reduction of the amplitude of the observed IG 489
waves. In addition, Run 3 does not include wave forces inside the surf-zone and therefore the 490 mean wave setup is not accounted for. Additional tests with a simple 1D shoaling model (energy 491 flux conservation) suggest that considering wave setup could reduce IG wave energy by ~8 %. 492 Therefore, this effect could also contribute to explain departures from 100 % in Figure 8D . IG wave propagation from the ebb-tidal delta to the inner part of the lagoon is complex and 501 highly dependent on the tidal phase. H m0,IG variation from the offshore to the inner part of the 502 lagoon showed that, independently of the tidal phase, the maximum IG energy peak was obtained 503 over the ebb-tidal delta (Figure7). This maximum was followed by a decrease of H m0,IG between 504 ST 10 and 12. At the inlet throat (ST 13 and 14) a second local minimum was observed during 505 the flood and high tide. During low and ebb tide a drastic decrease of H m0,IG was detected at ST 506 13, in the modeling results as in the observations. 507 508
To have a better understanding of how the tidal stage can affect the IG wave propagation, we 509 computed the spatial distribution of H m0,IG at different tidal instants during the last tidal cycle 510 (Figure 9 ), assuming stationary mean wave boundary conditions equivalent to those of 511 September 24 at 9:00 AM (H m0,G =1.55 m, T p = 19.3 s and 264 degrees peak direction in nautical 512 convention). H mo,IG was computed after splitting the modeled free-surface elevation into 513 consecutive bursts of 30 minutes. To be consistent with this burst, currents were also averaged 514 over 30 minute intervals. 515
Model results indicate that during maximum ebb and low tide, the maximum H m0,IG was 516 restricted to the terminal lobe, whereas during high tide and mid flood infragravity energy 517 propagated throughout the ebb-tidal delta. During mid ebb, IG wave energy reached the inlet 518 mouth but the energy did not propagate into the lagoon, it got blocked. Tidal currents at the inlet 519 were more intense than 1.8 m/s, reaching peak values of 2.5 m/s in water depths ranging from 1 520 to 1.5 m (Figure 4) . As the water depth decreased parts of the ebb-tidal delta became dry. IG 521 waves were mainly generated in the terminal lobe, where most of the wave breaking occurred. 522 523
524
Figure9. Simulated H m0,IG distribution and depth-averaged current vectors during a) 525 maximum ebb, b) low-tide, c) maximum flood, and d) high-tide of the last tidal cycle. 526 Current vectors were averaged over the length of the burst (30 minutes). High tide and 527 low tide are defined in terms of maximum and minimum water levels inside the lagoon. 528 529
Gravity waves at inlets get blocked during the maximum ebb and they break at or before the 530 blocking point without being reflected, while losing considerable amounts of energy due to 531 current induced whitecapping (Chawla and Kirby, 2002 We used the linear dispersion relation to determine, based on the computed water levels and 553 current speeds, where and when gravity and IG wave blocking occurred. As shown in The propagation of IG waves across the inlet induced current fluctuations that reached more than 576 50% of the tidal current intensity at PT2 during all the experiment, but especially in the third 577 tidal cycle (Figure 4 ). Although this behavior was reasonably reproduced by XBeach, a direct 578 comparison with the measured time series was not possible because the phase of the gravity 579 wave frequency components at the offshore boundary were unknown. Alternatively, the standard 580 deviation of current velocities were computed over 30 minute samples and compared. This 581 comparison revealed that XBeach was able to capture the temporal pattern of these low-582 frequency fluctuations, although with a substantial underestimation of the peak, which occurred 583 during the maximum flood currents. Because sand fluxes depend non-linearly both on water 584 levels and currents, they may be affected by the presence of low-frequency fluctuations 585 associated with IG waves. 586
These low frequency fluctuations associated with IG waves would tend to promote sand fluxes, 587 but their blocking during a large part of the ebb would cause this process to be more active 588 during the flood. Over a tidal cycle, this process would tend to limit ebb-dominance in the main 589 channel and promote flood-dominance inside the lagoon. One should keep in mind that this 590 experiment was carried out under low to moderate energy waves and it can be expected that 591 under storm waves, larger IG waves would induce larger current fluctuations which could have a 592 determinant impact on the inlet sediment dynamics. In particular, this mechanism could 593 potentially contribute to the shoaling and closure of tidal inlets that occurs in winter along the 594 western coast of Portugal (Bertin et Field measurements conducted at the Albufeira Lagoon Inlet revealed that IG waves developed 600 on the ebb-tidal delta and propagated inside the lagoon during flood and high tide, while they 601 were blocked during the ebb. The field experiment covered three tidal cycles, during spring tides. 602
Offshore significant wave height and the peak period increased due to the effect of a remote 603 storm that generated energetic swell conditions that impacted the study zone at the end of the 604 experiment. During the last tidal cycle, when the offshore waves were most energetic, H mo,IG 605 values over 0.5 m were measured at the ebb-tidal delta. Inside the lagoon values up to 0.2 m 606 were measured. 607 608
The comparison between measurements and numerical simulations showed that IG wave 609 generation and propagation were fairly reproduced with XBeach. This fact indicates that, 610
although XBeach simplifies and neglects some physical processes that can affect both the 611 generation and the propagation of IG waves, the model captures the main processes. The analysis 612 of model results revealed that the two proposed IG wave generation mechanisms (the breaking 613 point variation or dynamic set-up and shoaling and release of the bound-wave) were relevant, 614
and contributed significantly to the IG wave generation. While the bound-wave shoaling was 615 dominant offshore the breaking area, wave breaking contribution was slightly higher from the 616 ebb-tidal delta to the inlet mouth. Model results also suggest that interactions between bound-617 wave shoaling and the dynamic set-up, produced a reduction of IG energy levels within the surf-618 zone. 619 620 IG waves were shown to be blocked during the ebb, due to strong counter tidal currents in 621 shallow water depths. IG wave blocking occurred later than the gravity-band blocking because 622 stronger opposing currents and shallower depths are needed to block longer period waves. 623 624
Field measurements and XBeach simulations demonstrated that, at least at this specific inlet, IG 625 wave generation, propagation, and dissipation mechanisms differed substantially from those 626 observed in beach environments. Due to steep bottom slopes at the terminal-lobe and gentle 627 slopes in the inner part of the ebb-tidal delta, the bound-wave shoaling and release and the 628 -dynamic‖ set-up mechanisms were both active during the analyzed period. Moreover, results 629 have shown another relevant difference with respect to the beach environments: while in beach 630 environments the IG wave energy is dissipated or reflected in the coast, in tidal inlets the energy 631 is partially transmitted to the inner part of the lagoon depending on the water levels and tidal 632 currents at the inlet. 633 634 Both measurements and model results showed that IG waves induced fluctuations in flood 635 currents inside the lagoon reaching temporarily 100 % of the low-pass filtered current 636 magnitudes (although the largest fluctuations were underestimated in the model). The fact that 637 these fluctuations occur mostly at flood and not at ebb because IG waves are blocked could 638 promote flood dominance in the lagoon. This mechanism could contribute the shoaling and 639 closure of tidal inlets, in combination to other wave-induced processes previously analyzed (e.g. The overbar represents the mean value.This skill factor ranges from 0 (bad skill) to 1 (very good 667 skill). 668 669 670 671
